Mechanism of foreign DNA recognition by a CRISPR RNA-guided surveillance complex from Pseudomonas aeruginosa by Rollins, MaryClare F. et al.
2216–2222 Nucleic Acids Research, 2015, Vol. 43, No. 4 Published online 8 February 2015
doi: 10.1093/nar/gkv094
Mechanism of foreign DNA recognition by a CRISPR
RNA-guided surveillance complex from Pseudomonas
aeruginosa
MaryClare F. Rollins1, Jason T. Schuman2, Kirra Paulus1, Habib S.T. Bukhari3 and
Blake Wiedenheft1,*
1Department of Microbiology and Immunology, Montana State University, Bozeman, MT 59717, USA, 2GE Life
Sciences, Piscataway, NJ 08854, USA and 3Biozentrum, University of Basel, Klingelbergstrasse 50/70, 4056 Basel,
Switzerland
Received December 10, 2014; Revised January 22, 2015; Accepted January 23, 2015
ABSTRACT
The Type I-F CRISPR-mediated (clustered regularly
interspaced short palindromic repeats) adaptive im-
mune system in Pseudomonas aeruginosa consists
of two CRISPR loci and six CRISPR-associated (cas)
genes. Foreign DNA surveillance is performed by a
complex of Cas proteins (Csy1–4) that assemble with
a CRISPR RNA (crRNA) into a 350-kDa ribonucleo-
protein called the Csy complex. Here, we show that
foreign nucleic acid recognition by the Csy complex
proceeds through sequential steps, initiated by de-
tection of two consecutive guanine–cytosine base
pairs (G–C/G–C) located adjacent to the complemen-
tary DNA target. We show that this motif, called the
PAM (protospacer adjacent motif), must be double-
stranded and that single-stranded PAMs do not pro-
vide significant discriminating power. Binding as-
says performed with G–C/G–C-rich competitor se-
quences indicate that the Csy complex interacts di-
rectly with this dinucleotide motif, and kinetic anal-
yses reveal that recognition of a G–C/G–C motif is
a prerequisite for crRNA-guided binding to a target
sequence. Together, these data indicate that the Csy
complex first interacts with G–C/G–C base pairs and
then samples adjacent target sequences for comple-
mentarity to the crRNA guide.
INTRODUCTION
Bacteria and archaea have evolved sophisticated nucleic
acid-based adaptive immune systems to defend against ex-
ogenous genetic elements like viruses and plasmids (1–6).
Immunity is acquired by integrating short segments of for-
eign DNA into one end of the host encoded CRISPR locus
(clustered regularly interspaced short palindromic repeats).
These foreign sequences, called spacers, are flanked by short
repeat sequences, creating the repeat–spacer–repeat pat-
tern that is characteristic of CRISPR-mediated immune
systems. CRISPR loci are transcribed and processed into
short CRISPR RNAs (crRNAs), which are incorporated
into large ribonucleoprotein complexes that scan the in-
tracellular environment for foreign nucleic acid sequences
complementary to the crRNA spacer. Hybridization be-
tween a crRNA spacer sequence and a complementary for-
eign target sequence, called a protospacer (i.e. origin of the
spacer), triggers degradation of the invasive DNA or RNA
by CRISPR-associated (Cas) nucleases.
CRISPR–Cas systems are widespread and phylogeneti-
cally diverse. Three major types (Types I, II and III) have
been described, comprising at least 11 subtypes (IA-F, IIA-
C and IIIA-B) that encode distinct crRNA-guided surveil-
lance complexes (1,5,7). While some Type III systems tar-
get RNA (8–12), the Types I and II systems target and de-
stroy invading DNA (13–19). All of these crRNA-guided
surveillance complexes must locate target sequences on a
time scale that affords protection from rapidly replicating
phages, and CRISPR systems that target DNAmust also be
able to reliably distinguish complementary spacer sequences
in the host CRISPR locus (self) from identical protospacer
sequences in the invading DNA target (non-self). In Types
I and II systems, this distinction is accomplished by recog-
nition of a short (2–4 base pairs) sequence called a pro-
tospacer adjacent motif (PAM) (20–23). The PAM is only
found next to complementary protospacer targets in foreign
DNA, and is absent from repeat sequences that flank com-
plementary spacer sequences in the host CRISPR locus.
Recent structural and biochemical studies of the crRNA-
guided Cas9 protein from Streptococcus pyogenes (Type
II) have revealed that Cas9 recognizes a 5′-NGG-3′ PAM
through major and minor groove interactions, and muta-
tions that disrupt the GG result in substantial binding de-
fects (18,24–25). This mechanism of PAM recognition is
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distinct from PAM detection by the crRNA-guided surveil-
lance complex from Escherichia coli (Type IE), which rec-
ognizes up to 27 different variation of a 3-nt PAM (23), and
mutations in the non-target strand PAM do not interfere
with target recognition (17,26) (Supplemental Figure S1).
Here, we show that target recognition by the foreign
DNA surveillance complex from Pseudomonas aeruginosa
(Type I-F) initiates with PAM recognition and then pro-
ceeds by crRNA-guided base pairing to target DNA. Ki-
netic analyses suggest an order of operations for target
binding, in which the complex first associates with double-
strandedDNA (dsDNA) through non-sequence-specific in-
teractions characterized by rapid on- and off-rates. These
non-specific interactions are stabilized by interactions with
the PAM, which are required prior to sampling of adja-
cent sequences for potential hybridization with the crRNA
guide. Our data provide direct evidence for double-stranded
PAM recognition by the Csy complex, and suggest a central
role for the PAM in rapid surveillance and detection of in-
vading nucleic acid targets.
MATERIALS AND METHODS
Expression and purification of the Csy complex
Csy genes and a synthetic crRNA were co-expressed on
separate vectors in E. coli BL21 (DE3) cells as previ-
ously described (27). Expression was induced with 0.5 mM
isopropyl--D-1-thiogalactopyranoside (IPTG) at OD600 =
0.5 nm. Cells were incubated overnight at 16◦C, then pel-
leted by centrifugation (5000 x g for 15 min at 4◦C) and
re-suspended in lysis buffer (50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH7.5, 300 mM
potassium chloride, 5% glycerol, 1mMTris(2-carboxyethyl)
phosphine hydrochloride (TCEP), 1x protease inhibitor
cocktail (Thermo Scientific)). Pellets were sonicated on ice
for 2 × 2.5 min (1 s on, 3 s off), then lysate was clarified by
centrifugation at 22 000 x g for 30 min at 4◦C. The Csy com-
plex self-assembles in vivo and the intact complex was affin-
ity purified on Ni-NTA resin (Qiagen) using hexa-histidine
tags on either Csy3 or Csy1. Elution was performed using
the lysis buffer supplemented with 300 mM imidazole. To-
bacco etch virus (TEV) protease was added to remove the
N-terminal His6 tags and the sample was dialyzed at 4◦C
overnight in gel filtration buffer (20 mM HEPES pH 7.5,
100 mM KCl, 5% glycerol, 1 mM TCEP). Protein was con-
centrated (Corning Spin-X concentrators) at 4◦Cbefore fur-
ther purification on a Superdex 200 size-exclusion column
(GE Healthcare).
Electrophoretic mobility shift assays (EMSA)
Binding assays were performed by incubating a concen-
tration gradient (0, 0.001, 0.01, 0.05, 0.1, 0.5, 1, 10, 100,
1000 nM) of Csy complex with <0.5 nM of 5′ 32P-labeled
DNA oligonucleotides for 15 minutes at 37◦C in reaction
buffer (20 mM HEPES pH 7.5, 100 mM KCl, 5% glyc-
erol, 1 mM TCEP, 2 mM Ethylenediaminetetraacetic acid
(EDTA)). Reaction products were run on 6% polyacry-
lamide gels, which were dried and imaged with a phosphor
storage screen (Kodak), then scannedwith aTyphoon phos-
phorimager (GE Healthcare). Bands were quantified using
ImageQuant software, and the percent DNA bound was
plotted as a function of Csy complex concentration, then
fit with a standard binding isotherm:
FractionDNAbound =
[Csy complex]/(KD + [Csy complex])
Reported KDs represent the average value from three inde-
pendent experiments. Competition assays were quantified
at 100 nM Csy complex at 37◦C for 5 min, using 0.66 M
competitor DNA.
Surface plasmon resonance (SPR)
Experiments were conducted with a Biacore X100 SPR in-
strument (GE Healthcare). 5′-Biotinylated DNA oligonu-
cleotides were immobilized on the surface of a streptavidin-
coated sensor chip (GE Healthcare). Purified Csy complex
was injected into the flow cell, and Csy complex–DNA
binding events were recorded in real time. Experiments were
conducted at 37◦C, in 20mMHEPES pH 7.5, 100mMKCl,
1 mM TCEP, 0.02% Tween, 50 MEDTA. Data were ana-
lyzed using Biacore X100 evaluation software. Sensorgrams
for non-target DNAand target DNAswith T–A/T–APAM
were fit with a Langmuir binding model. Sensorgrams for
target DNAwith G–C/G–C PAMwere fit with a Langmuir
model for the dissociation phase only, in order to determine
the kd. The half-life of the dissociation was calculated as ln
2/kd. Sensorgrams for target DNA with G–C/G–C PAM
were also fit using a two-state model to facilitate qualitative
analysis of this interaction.
RESULTS
PAM recognition
Pseudomonas aeruginosa is an environmentally ubiqui-
tous gram-negative bacterium and an opportunistic human
pathogen (28). The genome of P. aeruginosa (strain PA14)
contains an active Type IF CRISPR-Cas system (29–31),
which includes 6 cas genes (cas1, cas3, csy1, csy2, csy3 and
csy4), and two CRISPR loci (Figure 1A). The Csy proteins
assemble into a stable ribonucleoprotein complex consisting
of one Csy1, one Csy2, six Csy3, one Csy4 and one crRNA
(27). This complex, referred to as the Csy complex, engages
DNA targets through sequence-specific hybridization with
the crRNA guide. Phage challenge experiments in PA14 in-
dicate that new spacers are acquired from sequences in the
phage genome with GG PAMs (5′-protospacer,GG-3′), and
the presence of this PAM is critical for protection (29,30).
To investigate the importance of the PAM in crRNA-
guided target binding by the Csy complex, we performed
native gel mobility shift assays using a series of double-
stranded DNA (dsDNA) and single-stranded DNA (ss-
DNA) substrates containing protospacer sequences flanked
by one of four different dinucleotides (Figure 1A and
B, Supplemental Tables S1 and S2). Double- and single-
stranded DNA substrates containing a protospacer and a
G–C/G–C or a GG PAM respectively; bound with high
affinity (dsDNA KD ∼1 nM; ssDNA KD ∼0.5 nM). Sub-
stitution of the GG with alternative dinucleotides resulted
in binding defects for both ssDNA and dsDNA substrates;
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Figure 1. The Csy complex recognizes a double-stranded GC/GC PAM.
(A) Organization of the CRISPR-Cas locus in the P. aeruginosa (PA14)
genome and a schematic representation of the Csy complex. Csy protein
subunits (light gray ovals) assemble with a crRNA, which includes a 32-
nt spacer sequence (green). The Csy complex binds target DNA through
direct hybridization between the crRNA spacer and a complementary tar-
get sequence (protospacer) (blue). The PAM (red) immediately 3′ of the
protospacer is critical for crRNA-guide stand invasion in double-stranded
DNA targets. (B) EMSAs performedwith increasing concentrations ofCsy
complex (see ‘Materials and Methods’ section) incubated with ssDNA or
dsDNA80-nt targets containing fully complementary protospacers and al-
ternate PAM sequences (shown in red). Binding was quantified and plot-
ted as a function of protein concentration, then fit with binding isotherms
to determine equilibrium dissociation constants (KD) (see ‘Materials and
Methods’ section). (C) Binding affinities for Csy complexwith dsDNAand
ssDNA targets with alternate PAMs. Non-GG PAMs severely abrogated
binding to dsDNA targets, but had comparably minor effects in ssDNA
targets.
however, there was a pronounced difference in the magni-
tude of the effect between dsDNA and ssDNA (Figure 1B).
The largest difference in binding affinity for ssDNA sub-
strates was 8-fold, with an average difference closer to 2-
fold. In contrast, the same substitutions made in double-
stranded targets resulted in 100-fold weaker binding affini-
ties. These data indicate that the Csy complex distinguishes
between PAMs in a double-stranded context, and that the
presence of a G–C/G–C PAM is required for high-affinity
binding of dsDNA targets.
PAM is double-stranded
Since PAM discrimination is significantly more stringent in
double-stranded DNA targets, we hypothesized that PAM
recognition relies on chemical signatures presented in the
major or minor groove of the PAM duplex. To test this hy-
pothesis, we repeated the band shift assays using dsDNA
substrates in which the guanines of the PAM were replaced
by purine analogs lacking specific functional groups (Fig-
ure 2A, and Supplemental Table S2). Changes to the chem-
ical presentation of the PAM in either the major or mi-
nor groove resulted in attenuated binding affinities, rang-
ing from∼120-fold weaker binding for the 7-deaza guanine
PAM (major groove), to >1000-fold weaker binding for the
inosine PAM (minor groove) (Figure 2B and Supplemental
Figure S2). In contrast, ssDNA targets with the same PAM
modifications showed no significant reduction in binding
affinities. These results suggest that chemical signatures in
both the major andminor groove contribute to PAM recog-
nition by the Csy complex.
Kinetics of target recognition
CRISPR RNA-guided surveillance complexes must be able
to efficiently locate foreign targets in a crowded intracel-
lular environment that contains megabases of non-target
DNA. We hypothesize that the Csy complex accelerates
target location through complex binding behaviors that
involve fast association- and dissociation-rates with non-
target sequences, and that these transient interactions are
stabilized by protein-mediated recognition of the PAM. To
test these hypotheses, we used surface plasmon resonance
(SPR) tomeasure real-time binding kinetics of the Csy com-
plex to a series of dsDNA substrates (Figure 3 and Supple-
mental Table S2). First, we measured the association- and
dissociation-rates of the Csy complex with dsDNA contain-
ing neither a protospacer nor a PAM. These interactions are
extremely fast (ka = 1.1× 107 M−1 s−1; kd = 1.3× 10−1 s−1;
τ 1/2 = 5.3 s) (Figure 3A) and are sensitive to ionic strength
(data not shown), consistent with an electrostatic interac-
tion.
Next, we tested binding of the Csy complex to a dsDNA
target containing a protospacer and a G–C/G–C PAM
(Figure 3B). The kinetic data for this interaction cannot
be fit using a Langmuir binding model (Supplemental Fig-
ure S3A), which is consistent with a complex interaction in-
volving more than one step. To account for the fast interac-
tions measured for non-sequence specific DNA, and for the
longer-lived associations with the target sequence, we fit the
data using a two-state binding model (Figure 3B and Sup-
plemental Figure S3B). The two-state model has been used
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Figure 2. Changes to the chemical signature of a double-stranded PAM
result in binding defects. (A) DNA targets were generated using purine
analogs in place of the two guanines in the canonical G–C/G–CPAM. The
nucleotide analogs present altered chemical signatures in either the ma-
jor (2AP or 7DG) or minor groove (inosine) of the DNA duplex. Dashed
red ovals highlight missing functional groups. (B) Binding affinities for ds-
DNA and ssDNA targets with chemically modified PAMs were tested by
EMSAs. Targets containing modified PAMs severely abrogated binding in
dsDNA targets, but had no significant effect in ssDNA. Binding defects
were quantified as the fold increase in KD (nM) relative to a G–C/G–C
PAM (for dsDNA) or GG PAM (for ssDNA).
to describe the binding kinetics of sequence-specific DNA-
binding proteins (32–34), which have been shown to locate
their target sequences using distinct ‘search’ and ‘recogni-
tion’ modes (35). While the two-state binding model exag-
gerates the association rate of the Csy complex, the disso-
ciation phase of this data is modeled with high confidence,
suggesting that interactions with authentic targets contain-
ing both a protospacer and a PAM are extremely stable. To
compare the stability of Csy complex with non-specific ds-
DNA or a dsDNA target containing a PAM and a proto-
Figure 3. Recognition of two consecutive GC base pairs is a prerequisite
for target binding. Binding kinetics of the Csy complex were analyzed us-
ing surface plasmon resonance (SPR). Kinetic data for a concentration
series of Csy complex (colored lines) were fit using either a Langmuir or
two state-binding model (black lines). (A) Experiments performed using
non-target dsDNA (no protospacer) revealed non-specific binding charac-
terized by rapid on- and off-rates (ka = 1.1 × 107 M−1 s−1; kd = 1.3 ×
10 s−1). (B) dsDNA targets containing a full protospacer and G–C/G–C
PAMwere bound with high affinity. Kinetic data were fit using a two-state
binding model for a qualitative analysis. (C) Binding kinetics for dsDNA
targets containing full protospacers flanked by a mutated PAM (i.e. T–
A/T–A) are indistinguishable from binding kinetics for non-target dsDNA
(ka = 1.9 × 107 M−1 s−1; kd = 1.1 × 10 s−1).
spacer, we fit only the stable dissociation data (10 s after the
start of dissociation) with a Langmuirmodel. Analyzing the
dissociation phase independently simplifies the fitting, and
allows quantification of binding stability. The resulting kd
(6.5 × 10−4 s−1) indicates the half-life (τ 1/2 = 1066 s) of the
Csy complex bound to a target sequence with a G–C/G–C
PAM is dramatically (>150×) longer (more stable) than for
non-target sequences (Figure 3A), or targets with incorrect
PAMs (Figure 3C).
To determine the role of the PAM in target recogni-
tion, we measured the kinetics of Csy complex binding ds-
DNA oligonucleotides containing an identical protospacer
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sequence flanked by a T–A/T–A dinucleotide in place of
the G–C/G–C PAM (Figure 3C). Despite the presence of
a complementary protospacer, the binding behavior for this
target is indistinguishable from non-target dsDNA contain-
ing neither a protospacer nor PAM (ka = 1.9 × 107 M−1
s−1; kd = 1.1 × 10 s−1; τ 1/2 = 6.3 s). Similar to what was
observed for non-specific dsDNA (Figure 3A), the kinetic
rate constants for this interaction result in aKD (6 nM) that
is more than two orders of magnitude lower than the equi-
librium dissociation constant estimated from gel shift as-
says. However, this is not unexpected since EMSAs mea-
sure the stability of bound products, and this method has
been shown to substantially overestimate KDs for interac-
tions with very fast dissociations (36). Regardless of the ab-
solute affinities, kinetic data from dsDNA substrates con-
taining a protospacer flanked by aT–A/T–Aare identical to
non-specific DNA, suggesting that recognition of a double-
stranded PAMmust occur before the Csy complex can rec-
ognize a protospacer.
PAM scanning by the Csy complex
If the Csy complex scans dsDNA for sequential G–C base
pairs, we would expect this to be a relatively weak inter-
action. Strong binding to G–C/G–C base pairs would in-
crease residence time on a sequence motif that occurs ran-
domly every 16 base pairs, collectively slowing the overall
target search and compromising the CRISPR immune re-
sponse. In contrast, weaker interactions that momentarily
stabilize the complex at G–C/G–C pairs might allow for
crRNA-guided sampling of the adjacent DNA.
To test this ‘PAM scan’ model, we performed gel shift as-
says using labeled dsDNA targets and unlabeled dsDNA
competitors containing either no GC/GC base pairs, or 13
GC/GCbase pairs (Figure 4A and Supplemental Table S2).
We anticipated that GC/GC-rich competitor DNA would
sequester the Csy complex more effectively than competi-
tor DNA with no GC/GCs, resulting in reduced binding
of the labeled target. Accordingly, in reactions containing
a high molar excess of the GC/GC-rich competitor, we de-
tected a significant reduction in target DNA binding effi-
ciency (Figure 4A and Supplemental Figure S4). These data
suggest that recognition of the G–C/G–C base pair tran-
siently stabilizes the interaction between the Csy complex
and dsDNA.
Functional importance of the PAM
In the Type II CRISPR system in S. pyogenes, PAM recog-
nition by Cas9 has been shown to destabilize dsDNA, thus
facilitating strand invasion (25). To test for a similar mech-
anism in the Csy system, we created a series of dsDNA tar-
gets containing identical target strand protospacers, but the
non-complementary DNA strand was designed with mis-
matches (Figure 4B). We hypothesized that pre-melting the
protospacer duplex would increase accessibility to the tar-
get strand sequences, resulting in higher binding affinities.
However, binding affinities for DNA targets with a bub-
ble in the first eight nucleotides of the protospacer (i.e.
seed region) or a bubble across entire protospacer were no
stronger than binding affinities for a completely duplexed
Figure 4. PAM binding promotes strand invasion. (A) EMSAs were per-
formed by incubating [32P]-radiolabeled dsDNA targets with unlabeled ds-
DNA competitors containing either no G–C/G–C pairs, or 13 G–C/G–
C base pairs (G–C/G–C-rich). The presence of G–C/G–C-rich competi-
tor DNA significantly reduced the amount of labeled target bound by the
Csy complex. Targeting efficiency for the Csy complex in the presence of
both competitors was calculated as a percentage of complete target bind-
ing (i.e. total target binding in the absence of competitor DNA). (B) ds-
DNA targets were designed with bubbles in the seed sequence, or the entire
protospacer. Pre-melted protospacer sequences (purple or green) flanked
by a G–C/G–C PAM were not bound with greater affinity than fully du-
plexed targets with G–C/G–C PAMs (blue). However, a protospacer bub-
ble did increase the binding affinities for targets with a T–A/T–A PAM
(dashed black line versus gray). (C)Model of theCsy complex target search
process. The Csy complex engages in rapid, non-sequence-specific inter-
actions with dsDNA. Encounters with G–C/G–C dinucleotides provide
additional weak but specific interactions that facilitate ATP-independent
strand invasion. Complementary base pairing between the crRNA spacer
and the protospacer DNA target results in a stable interaction that recruits
Cas3 for degradation of the target DNA.
target (Figure 4B). Thus, pre-melting the protospacer does
not improve target binding for substrates that contain a
PAM. However, for substrates not flanked by a PAM (e.g.
TA/TA), pre-melting the protospacer sequence dramati-
cally improves target binding as compared to duplexed se-
quences (Figure 4B). Collectively, these data suggest that
the primary role of PAM recognition by the Csy complex is
to facilitate crRNA-guided strand invasion by destabilizing
the target duplex.
DISCUSSION
To provide effective defense, crRNA-guided surveillance
systems must locate target sequences efficiently within a
crowded cellular environment, while reliably avoiding com-
plementary sequences in the bacterial genome. Here we
show that the Csy complex from P. aeruginosa targets for-
eign DNA through complex mechanisms involving protein-
mediated interactions with DNA and crRNA-guided in-
teractions with the complementary DNA (Figure 4C). The
target search is initiated by rapid association and dissocia-
tion rates with non-target double-stranded DNA. Encoun-
ters with two sequential G–C base pairs provide weak, but
specific interactions that are necessary for crRNA-guided
strand invasion. Hybridization with the target DNA pro-
ceeds along the length of the crRNA spacer, and may in-
duce a conformational change similar to what has been ob-
served for the Cascade complex from E. coli (14,37–40). In
all Type I systems, the target bound surveillance complex
serves as a molecular beacon that recruits a trans-acting nu-
cleases called Cas3 (Figure 4C) (1,7,37).
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Anders et al. recently reported the crystal structure of the
CRISPR-associated protein Cas9 from S. pyogenes in com-
plex with a small guide RNA and bound to a DNA target
with a double-stranded PAM (25). The PAM in this system
consists of a 5′-NGG-3′ motif where the two guanosines are
located on the displaced strand. The structure reveals ma-
jor and minor groove interactions where the guanidinium
groups of two arginines reach into the major groove and
form base specific hydrogen bonds with the two guanosines.
While the residues involved in PAM recognition by the
Csy complex awaits high-resolution structural data, it is in-
teresting to note that chemical modifications to the edges
of the guanosines presented in either the major or minor
groove of the double-stranded PAMdestabilize target bind-
ing (Figure 2).
The Csy complex appears to use a ‘PAM scan’ mecha-
nism for target location, similar to Cas9. Sternberg et al.
demonstrated that Cas9 locates target sequences by first in-
teracting with PAMs, which allows sampling of the adja-
cent sequence (24). The authors propose that this may be
the predominant mechanism for target search in CRISPR
effector complexes. Our work with the Csy complex sup-
ports this suggestion. However, PAM recognition by the
crRNA-guided surveillance complex from Streptococcus
thermophilus is promiscuous, requiring only a single A–T
base pair (41), and the Cascade complex from E. coli (Type
I-E) recognizes protospacers flanked by 27 different vari-
ants of a 3-nt PAM (23) (Supplemental Figure S1). Five of
the PAM motifs recognized by Cascade elicit degradation
of the target via Cas3 recruitment, and another 22 differ-
ent variants results in rapid integration of new spacer se-
quences derived from the target template (23). These data
suggest that PAM recognition by Cascade is promiscuous
and may point toward a PAM-independent mechanism for
protospacer recognition. The difference in this fundamental
process between the Type I-E system and its nearest phylo-
genetic neighbor, the Type IF system, may signal unantici-
pated mechanistic diversity across all CRISPR system sub-
types.
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